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RESEARCH MEMORANDUM

ANATYSIS OF OFF-DESIGN OPERATION OF HIGH MACH NUMBER
SUPERSONIC TURBOJET ENGINES

By Robert E. English and Richard H. Caviecchi

SUMMARY

For two hypothetical turbolet engines, one of which was designed
for a flight Mach number of 2.5 and the other for 3.0, engine operation
during take-off was anslyzed for four methods of operating the engines
off-design. These off-design operational methods were commared on the
basls of engline thrust, engine specific impulse, and the operating re-
guirements which the compressor and turbine must fulfill. The way in
which a glven engine should be operated off-design depends on the char-
acteristics of its particular compressor and turbine. Because the
characteristics of each set of components will differ one from another,
no one mode of operation can be selected as best for 2ll engines and
operating conditions. This analysis indicates the methods that appear
most promising and the way in which they can best be explolted.

If the compressor 1s capable of operation ln & constant-geometry
engine at equivalent rotational speeds considerebly above the design
value, highest engine thrust and hlghest engine specific impulse are
obtained with compressor overspeed operation. §Since during such engine
off-deslgn operation the turbine operates at its design point, the tur-
bine can be designed very near tolerable operating limits. Turbine
stator adjustment in combination with compressor overspeeding is better
than turbine stator adjustment alone. Engine equivalent rotational
speed should be raised as much as the compressor-surge characteristics
will permit, and the additional thrust required should then be obtained
by means of a further increase in turbine-inlet temperature in combina-
tion with turbine stator adjustment. If the compressor-surge character-
istics 1imit the turbine-inlet temperature to velues less than the rated
value, compressor-exit bleed can be used to permit an additionel rise in
turbine-inlet temperature. This bleeding can provide relatively large
amounts of cooling alr during take-off operation. The turbine operation
moves away from limiting blade loading during such off-deslgn operation,
and the blade-jet speed ratio varies by a comparatively small amount.
For the assumed compressor cheracteristics, increasing engine thrust by
means of exhaust-nozzle adjustment requires an increase in turbine size
and thereby results in rather severe penalties in turbine design-point
performance.

SmmEs \SSIFIED
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INTRODUCTION

One of the principal problems in the design of a turbojet engine
for use at high supersonic speeds (flight Mach numbers greater than 2)
is the Incorporation of sufficlent operational versatility into the
engine to provide good engine performesnce during both top-speed fiilght
and take-off, or low-speéd, flight. High engine thrust under any flight
condition is obtained by operating the engine at & limit on turbine-
inlet temperature imposed by properties of the engine materials. Pro-
duction of high engine thrust during both high- and low-speed f£light
therefore requires that, because of the large varilation in ram tempera-
ture, the engine be operated over a wide range of engine temperature
ratio (ratic of turbine-inlet to compressor-inlet temperature). This
variaticon in engine tempersture ratio requires that either the compressor
or turbine, or both, be operated under condltions requiring a wide range
of internsl flow conditions.

In order to =mchieve satisfactory operation in flight, it was sug-
gested at the NACA Iewis leboratory that high-speed supersonic turbojet
engines be designed for the top-speed flight conditions; for other flight
conditions (such as take-off) the turbine-inlet temperature, the compres-
sor equivalent rotational speed, and the compressor pressure ratio would
be maintained constant by eppropriate adjustment of the turbine stator
and the exhaust nogzzle. Reference 1 showed that this method of engine
operation is capable of producing high engine thrust at low flight
speeds, but that, for some turbine design conditions, the turbine must
operate over a wide range of operating conditions, and the turbine aero-
dynamic deslign must be made conservative in order to satisfy the turbine
off-design requirements. Because the turbine stress and turbine-tlp
frontal area are both critical factors for this high-speed application,
such compromising of the turbine design is highly undesirable.

For this method of engine operation, the range of conditions over
which the engine must operste requlres that the process of engine design
conslder a design range rather than a design point, In practice, that
operating condition for whilch englne performance 1s most lmportant will
be most seriously canslidered in the engine design; the other operatling
conditiones in the range of design wlll generally only restrict or quallfy
the engine design. If the designer desires superlative engine perfor-
mence during high-speed fllght and if he ig wllling to accept mediocre
englne efficlency under other operating conditions In order to realize
this superlative high-speed performance, principal emphages In design
will be glven the high-speed flight condition. Such 1s the point of
view that has been adopted in thls report. This high-speed flight con-
ditlion 1s herein referred to as the "deslgn-point", and other operating

conditlons as "off-design”.
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Analysls of other methods of operating engines off-design is there-
fore important in order to determine whether or not another method of
engine operatlon would result in production of sufficient engine thrust
without compromising the turbine design or without introducing the
mechanlcal complexity of turbine stator adjustment. For any method of
operating an engine off its design condition, one of the essential
characteristics requisite to obtaining high engine thrust is high
turbine-inlet tempersture. In addition to turbine stator adjustment,
several other operational methods ermbody thils characteristic of high
turbine-inlet temperature. The followling methods of engine operation
off-design were therefore analyzed and compared at the NACA Lewis lsab-
oratory: (1) compressor overspeeding, (2) exhaust-nozzle adjustment in
combination with compressor overspeeding, (3) compressor-exit bleed with
or without compressor overspeeding, and (4) turbine stator adjustment
wilth or without compressor overspeeding. The following factors are used
to indicate the relative merits of these methods of off-design opexration:
engine thrust, englne specific impulse (Ib-sec of thrust/lb of fuel), and
the operating requirements that the compressor and turbine must fulfill.
This analysis considers that high-speed £light is the condition for which
the engine is to be designed. Engine bake-off operation is the only
off-design operating condition analyzed and 1s considered typlcel of the
off-deslign operating conditions.

Operatlion of a compressor at the same actual rotational speed for
take-off as for flight at a design Mach number of 2.5 or 3 resulis in an
equivalent rotational speed of 130 or 145 percent, respectively, of the
velue in flight. Because of the lack of data on compressor character-
leties at 130 or 145 petrceént of design equivalent rotational speed, sev-
eral simplifying assumptions were made regarding the compressor charac-
teristics during operatlion at equivalent rotational speeds above the
design value (hereinafter called “"compressor overspeeding"). In addi-
tion to results based on these assumptions, the effect of devistion from
these assumptions is discusged.

Full-scale compressors camnot currently be operated at equivalent
rotetional speeds considerably above their design values without accept-
ing mediocre performance for the deslgn, or flight, conditions. The
analysls presented herein shows what is gained in engline performence if
both capacity for overspeeding and good design-point performance can be
combined in one compressor; it does not consider the revisions necessary
in compressor design techniques in order to realize such performance.

SYMBOLS

The following symbols are used in this report. The station numbers
are delinested in figure 1.
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area, sq ft

velocity of sound, ft/sec

fraction of mass flow bled at compressor exit
work, Btu/1b

engine thrust, 1b

3032

fuel-air ratio at exit of primsry burner.
acceleration due to gravity, ft/sec?
engine specific impulse, lb—sec/lb fuel
mechenical equivalent. of heat, ft-1b/Btu N
ratio of specific heats for hot gas
Mach number

rotatlonal speed, rpm

equlvalent rotationsl speed, rpm
pressure, 1b/sq £t

gas constant, £t-1b/(1b)(°R)
radius, £t

temperature, °r

blade speed, ft/sec

absolute velocity, ft/sec”

weight flow, Ib/sec

density of blade metal, Ib/cu £t
retio of specific heats for alr
pressure-reduction ratio, p/2116 X

compressor adiebatlc efficiency

i,
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Np turbine polytropic efficliency

Neo local value of compressor polytropic efficiency
6 temperature-reduction ratio, T/518.4

p gas density, Ib/cu £t

o bladling stress, lb/sq ft

¥ stress~correction factor for tapered blades
Subscripts:

e compressor

cr critical or choking

des design, or high-speed flight, condition
eq equivalent operating condition

h hub

J Jet

T turbine

t tip

b4 axial

¢ free stream

1 compressgor inlet

2 compressor exit

3 turbine inlet

4 exit from turbine rotor

5 exlt from exhaust nozzle

Superscript:

! stagnation state
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GENERAL DISCUSSION OF CFF-DESIGN OPERATING PRUBLEMS

The method of engine operation which is mechanically the simplest
is that which does not vary the geometry of the compressor, the turbine,
or the exhaust-nozzle throat. Such an engine 1s herein referred to as
8 "constant-geometry" engine. Under those conditions for which the
exhaust nozzle is choked, such operation of a nonafterburning engine
results 1n constant turbine-exit equivelent weight flow and comstant
exhaust-nozzle throat area. Under those conditions for which the exhaust
nozzle 1s not choked and its throat area must therefore be adjusted in
order to maintaln constant turbine-exit equivalent weight flow, the term
constant-geometry-engine operation is stlll employed.

For operation of constant-geometry turbojet engines over & wide
range of flight Mach number, two extremes in engine operating mode are
usually considered. These are (1) constant rotational speed N and (2)
constant equivalent rotational speed N/Q/§1. For an englne designed

for satisfactory high-thrust operation during teke-off, operation with
constant rotational speed results in low equivalent rotational speed and
therefore low equivalent weight flow during high-speed flight. The
turbine-inlet temperature can usually be maintained near the maximum
value that the engline materials will permit over the range of flight
Mach number. Although this type of operation results in high englne
thrust during low Mach number flight (e.g., during teke-off), the low
equivalent weight flow during high-speed f£light results in low engine
thrust. If the englne is redesigned to provide high equivalent air flow
per unit of engine frontal area during high-speed flight, operation at
constant rotational speed during low-speed Tlight will result in bigh
values of equivalent rotational speed and therefore such high values of
compressor-inlet Mach number and compressor equivalent weight f£low that
the compressor efficilency will decrease. 1In an extreme case, surging

of the compressor will restrict the range of conditions over which con-
stant rotational speed can be maintained. Even though for operation
with copstant rotational speed the turbine-inlet temperature may be kept
constant, there remains the problem of balancing the desirability of high
equivalent weight f£flow during supersonic flight against the undesirsbility
of low compressor efficiency or surging during take-off operation.

The frequently considered alternative of operation with constant
equivalent rotational speed avolds some of these operating problems but
creates some new ones. If the compressor is operated at a single polnt
on the compressor mep (design values of equivalent rotational speed and
compressor pressure ratio) for the required range of flight conditions,
high equivalent welght flow can be obtalned during high-speed flight
without sacrificing compressor efficiency during take-off operation
(without turbine stator adjustment). On the other hand, such operation
with & constant-geometry turbine requires that tThe engine temperature
ratio (ratio of turbine-inlet to compressor-inlet temperature) be

3032
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constant. During take-off, this constant value of engine temperature
retio corresponds to a turbine-inlet temperature far below the materisl
limit, with the result that a relatively low engine thrust is cobtained
during take-off ocperation.

If a penalty in compressor efficlency be accepted during take-off
operation, compressor overspeeding can be employed to produce high en-
gine thrust during take-off wilithout resorting to extreme amounts of ed-
Justment of other engine components such as turbine stator or exhaust
nozzle, or to the use of compressor-exit bleed. Within a limited range,
operation at increased equivalent rotational speed will result in in-
creased welght flow, a trend that tends to increase engine thrust. The
shaded area to the right of the line of design equivalent rotational speed
in figure 2 is avallable as & reglon in which increased engine thrust might
be obtained. In order to exploit this region fully, compressor overspeed-
ing must be employed in combinatlon wlth some geometry variation of the
engine, such as exhaust-nozzle adjustment or turbine stator adjustment.

It is likely that increasing the amount of compressor overspeeding
of a constant-geometry engine willl eventually cause the compressor to
surge. Exhaust-nozzle adjustment offers a possibility of operating an
engine at constant equivalent rotational speed and constant turbine-
inlet temperature over & range of flight Mach number. The compressor
willl then operate over & range .of compressor pressure ratio at comstant
equivalent rotational speed. The range over which the compressor must
operate is illustrated on the schematle compressor map in figure 3.
High-speed flight corresponds to a low engine temperature ratioc and thus
& low compressor pressure ratio at design equivalent rotational speed.
For take-off, the engine temperature ratio and the compressor pressure
ratlio are both high. The required rise in compressor pressure ratio can
be approximated by consldering the blade-speed line in figure 3 to be
vertical. With this assumption, the compressor pressure ratio will rise,
for example, from 4.0 at a flight Mach number of 2.5 to a value of 5.2
during take-off; in an actual case, the rise in pressure ratio will be
somevhat less. Thls type of operation offers high engine thrust during
both take-off and high-speed flight but may possibly result in low com-
presgor efficiency and thus low engine specific impulse at high flight
speeds.

Another scheme for obtaining thrust increases 1s the use of
compresgor-exit bleed. With the compressor operating at 1ts design
point for both high-speed flight and take-off, high turbine-lnlet tem-
perature may be employed during take-off if gas is removed between the
compresgor and turbine. Engine thrust can be obtained from both the
turbine-exhaust gas and the gas bled between the compresgsor and turbine.
For flight st a Mach number of 2.5, operation with constant turbine-inlet
temperature requires bleeding 23 percent of the compressor weight flow
during take-off operatlion if the compressor pressure ratio and equivalent
rotational speed are held constant. Exhaust-nozzle adjustment is required
for operation wilth compressor-exit bleed.
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Turbine stator adjustment with the compressor operating at-its
deslgn point has been suggested as a means of realizing some of the
advantages of operation at both constant rotational speed and constant
equivalent rotational speed. By means of turblne stator adjustment,
high compressor equivalent weight flow can be obtained during high-
speed f£light in combinatlon with high turbine-inlet temperature and high
compressor efficiency during take-off. The disadvantages of turbine
stator adjustment are (1) mechanical complexity, (2) penalties in tur-
bine efficlency associated with off-design operation, and (3) penalties
in turbine design-point performance for some ranges of design conditions
(see ref. 1). Exhaust-nozzle adjustment 1s also required for operation
with turbine stator adjustment.

The general problem of epngine off-design operation has so far been
related only to the compressor, whereas opereting problems associated
with the turbine also affect the gselection of engine operating mode.
One turbine operating problem is associated wilth increasing exhaust-
nozzle area. As the exhaust-nozzle area is increased, the turbine-exit
equivalent welght flow rises and approaches a limiting value, which is
about 10 percent less then the equivalent welght flow that chokes the
turbine annulus. Because increasing exhaust-nozzle area corresponds to
increasing turbine-exit weight flow, modes of engine operation that
require increasing exhsust-nozzle area dquring off-design operation are
limited in their range of application for turbines of a glven design
configuration. The operating range of an englne requiring exhaust-
nozzle adjustment cen be extended by redesigning the turbine for
increased exit anmmular ares, but such a change in deslgn imposes a
Penality on slze and centrifugal stress of the turbine and thereby
impairs engine design-point performsnce. . In applying turbine stator
adjustment In engine opersation, several turbine problems will restrict
the range of engine operation off-~design: (1) The turbine efficiency
may fall to an undesirably low value; (2) the turbine may be incapable
of passing the requlred equivalent welght flow at high engine tempera-~
ture ratios; (3) the turbine might be incapable of producing the
required work.

The way in which a given engine should be operated off-design
depends on the characteristics of its partliculsr compressor and turbine.
Because the characteristics of each set of components will differ one
from another, no one mode of operation can be selected as best for all
engines and operating conditions. There is a need, however, for an
indication as to which methods appesr to be most promising and the way
in vhich they can hest be exploited.

3032
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ANATYSTS AND DISCUSSION
Asgigned Engine Design Conditions

Since no general way was found to relate changes in engine perform-
ance and changes in compressor and turbine operating requirements, the
off-design study was restricted to two sets of engine design conditioas,
which are summarized in the following table:

Flight Compressor | Turbine-
Mach pressure inlet
number, ratio, temperature,
1 1 Tl
Mo PZ/Pl 52
°R
2.5 2.5 2000
3.0 3.0 3000

The compressor-inlet axial Mach number (Vx/a)l and the compressor
adiabatic efficiency 1, for both conditions are 0.5 and 0.85, respec-
tively. o

Assumptions

The compressors were assumed to have the followlng off-design char-
acteristics: [1) compressor work per pound of air proportional to the
blade speed squared, and (2) axial velocity at compressor entrance pro-
portional to blade speed for subsonic values’of inlet axial velocity.
For a constant-geometry turbine (without turbine stator adjustment), the
turbine-inlet equivalent weight flow ws,[eg/ag was assumed to be

constant. The effect of variation of fuel addition on continuity was
neglected. For take-off, the following values of various parameters

were assumed.:

Turbine polytropic effieiency, fip -« - « « « « « « = ¢ « « o« o . . 0.85
Burner stagnation-pressure ratio, pé/pé T o I = Te
Ratio of specific heats for compressor; ¥ « « ¢« ¢ ¢ « ¢« ¢ o « « » 1.40
Ratio of specific heats for turbine, ¥k . ¢« « « ¢« ¢ ¢« o « « « « . 1.30
Inlet diffuser pressure ratilo, Pi/Pé S e Yo

The assumed compressor characteristics affect the compressor per-
formance in the followlng way: The assumptlon that the compressor work
depende on blade speed and not on pressure ratio results in & trend in
compressor efficiency such that the higher the compressor pressure ratio
at any given equivalent rotational speed, the higher the compressor
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efficiency. In an actual compressor, the trend of compressor efficlency
for any given equivalent rotational speed 1s such that the efficiency
rises, levels off as the surge line is approached, and then decreases
slightly. Thus, the assumption that the compressor work is proportiocnal
to the square of the blade speed mskes high compressor pressure ratio
appear somewhat more favorable than will actually be the case.

The assumption that the compressor-inlet axial velocity is propor-
tional to the blade speed results in a constant rotor-inlet relative
angle as the blade speed varies for & compressor with no inlet guide
vanes. In an actual case, the rotor-inlet relafive angle varies so
that the angle of attack on the rotor blades increases at low blade
speeds and decreases at high blade speeds. This variation in angle of
attack will very likely result in losses in compressor efficiency,
especially in the high range of rotor-inlet Mach number. As compres-
sor pressure ratlo increases at constant equivalent blade speed, the
compressor equivalent weight flow decreases and the surge line is
approached. As & result.of-the assumed relation between inlet axial
velocity ard blade speed, the equivalent weight flow is independent of
the compressor pressure ratio. For these reasons, the assumed compres-
sor characteristics correspond to a smaller rise in equivalent weight
flow with rising equivalent blade speed than will actually occur. ;

Compressor Overspeeding

Compressor characteristics. -~ Operation of an engine at constant.
rotational speed over & range of flight—conditions results in variation
in compressor equivalent rotationsl speed. TFlight at Mach numbers high
enough to result—in a ram temperature greater than 518.4° R produces an
actual rotetional speed greater than the equivalent rotational speed.

The manner in which U rises with flight Mach nunber is shown in
u/Ne; '

flgure 4. This ratlio is of some conseguence for the following reasons:
If an engine is operated al constant rotational speed, this ratio is
numerically equal to the ratio of the equivelent rotational speed for
take-off to the equivalent rotational speed for the degign, or flight,

condition. The ratio v _ is therefore a measure of the amount by

u/ ¥e] ' -
which, during take-off, the compressor must exceed 1lts design equivalent
rotational speed if the engine is to be operated at constant actual
rotational gpeed. For flight Mach nunbers of 2.5 and 3.0, this ratio has
the values 1.30 and 1.45, respectively; in other words, for constant-
rotational-speed operation, these engines will exceed thelr design equiv-
alent rotational speeds by 30 and 45 percent, respectively. These num-~
bers, along with the results of referende 1, “indicate the extreme range
of conditions over which high-speed supersonic turbojets mey be required
to operate. - : S - L ) 3

30327
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Within the limits of the simplifying assumptions, the mammer in
which this overspeeding mey be expected to affect the compressor equiv-

alent weight flow wlh/ei/si. may be determined by considering
w = pVA

and assumption (2). From this consideration,

-1

v/we] P
v Nel/8] U/} Ll(a)l,aes u/ e';;;

= (1)
Caveies),,,” O, | 1ol

1l,des

Equation (1) is plotted in figure 5(a) for three values of design
compressor-inlet axial Mach number (V /a)l des® For values of design

compressor-inlet axial Mach nuwmber of 0.3 and 0.5, the ratio of the
equivalent weight flows rises continually with rising eguivalent blade

speed over the range presented in figure 5(a). For a value of design
compressor-inlet axial Mach number of 0.7, on the other hand, the equiv-
alent welght flow rises and reaches a maximum at an equivalent blade-
speed ratic of 1.37; at this point, the compressor-inlet axial Mach num-
ber equals 1.0.

The effect of compressor overspeedling on compressor pressure ratio
pé/pi can be assessed from the equation for continuity of mass flow:

1 H ]
(1-b) (1+£) Ve _ 3 °s P2 P3 ! (2)
Si 5' Pl pz T'

Under the assumptions that (1+f), turbine-inlet equivalent weight
flow wzn/eé/ag, and burner pressure ratio pé/pé do not vary, and with

the additional condition that the fraction of gas BPled b 1s constaent,
equation (2) reduces to

wiNEI/5] ph/pi
= 1 r)
(wyn/67/80), (p3/py)

If it is postulated that the turbine pressure ratio pé/pi is constant,

then the turbine work Ep 1s proportional to the turbine-inlet temper-
ature T4, or

(3)
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Bp/O1 TN (&
Since - -
Ep(1-p) (14+f) = E| o (5)
and, as assumed, - -
B, ~ U2 (6)

then equations (3) to (6) may be combined to yield
pa/p]  wNE/s]  U/NE]
(ei/ply
271 4 (Wl”/ei/ai)des (U/»\/ei)de

Equation (7) ies plotted in figure 5(b) for three values of design
compressor-inlet axial Mach number (V./a) 1,des® O- 3, 0.5, and 0.7.

For each value, the compressor pressure ratio rises continually, almost

(7)

U/N
linearly, with compressor equivalent blade-speed ratio —-—Z———l———-
1
P /pl (U/“/5;>des
7 1s seen to be inde-
»./p

271 des
pendent of the design pressure.ratio (pz/pl des" For & value of design

compresgsor-inlet axial Mach number of-0.5, the compressor pressure ratioc
rises to 1.55 and 1.82 times the design value for compressor overspeeds
of 30 and 45 percent, respectively.

The ratio of compressor pressure ratios

The specifled operating conditions will later be shown to duplicate
the conditions for constant—geometry-engine operation. By combining the
data of figure 5, constant-geometry-engine operating lines may be drawn
on compressor-map coordinates as shown in figures 6 and 7. As a result
of {he assumed relation between blade speed and compressor-inlet axial

velocity, the compressor equivalent welght flow wlA/si/Si is independ-
ent of campressor pressure ratio pé/pi (see eq. (1)); the lines of
1

constant compressor equlvalent blade-speed ratio __EL__TJ___. are thus
(U/«/ai)des

vertical in figure 6. As a typical result from figure 6(b), the compres-

sor pressure ratio varies from 3 to 5.5 as the compressor equivalent

blade-speed ratio rises from unlty to 1l.45 for a compressor design having

a design value of compressor-imlet axial Mach number of 0.5 and a design

compressor pressure ratio of 3.0. In figure 7, raising the design

value of compressor-inlet axisl Mach number decreases the rate at which

compressor pressure ratic rises with compressor equivalent blade-speed

ratio. e

3032;
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Within the limits of the simplifying assumptions, the conditions
specified result in certain values of compressor efficiency; that is,
the value of compressor efficlency is dependent upon the compressor
characteristics already specified. These values of efficiency are
indicative of the efficiency that compressors wilill be required to have
during overspeed operation. If a particular range of design condltions
requires that the compressor efficiency rise for equivalent rotational
speeds above the design value, the compressor operating requlrements
will be difficult or impossible to fulfill without accepting a penalty
in compressor design-point efficiency. If, on the other hand, the
required efficiency falls with rising equivalent speed, the compressor
requirements are easier to satisfy.

The compressor adlebatic efficiency may be stated as

o‘r‘_l
-
o G A
v-1 J P]'_
e =~ (T+F) (15 Bg (8)
By combining equations (5), (8), and (8),
=1
T
= -1
e Py T ! des (9)
nc,d.es I%_. U
EREEEE
= -
1/des

Variation in compressor-adisbstic-efficiency ratio nc/n along

) c,des
the constant-geometry-engine operating line is plotted in figure 8(a)
for four values of design compressor pressure ratio at a compressor-
inlet axial Mach number of 0.5; figure 8(b) is a similar plot made for
three values of design compressor-inlet axial Mach number at a design
compressor pressure ratio of 3.0. In general, requlred compressor-
efficiency ratio decreases with increasing compressor equivalent
blade-speed ratio, with the exception of the lowest compressor pres-
sure ratio in figure 8(a). The higher the values of design compressor
pressure ratio and design compressor-inlet axial Mach number, the
wmore rapid is the decrease in compressor efficiency with compressor
equivalent blade speed. For a design compressor pressure ratio of
3.0 and design compressor-inlet axial Msch number of 0.3 (fig. 8(b}),
required compressor efficiency shows inltially no chenge with rising
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equivalent blade speed. TFor a design compressor pressure rabtio of 2.0
and design compressor-inlet axial Mach number of 0.5 (fig. 8(a)), the
trend of required compressor efficiency with equivalent blade speed
reverses, climbing by 5 percent above the design values; after a com-~
pressor equivalent blade-speed ratio of 1.2 is obtained, the required
coumpressor efficiency decreases as for the other cases.

In practice, contrary to the assumptions herein, the compressor
equivalent blade speed and pressure ratlo could not be increased along
the constant-geometry-engine operating line salmost without limit. Even-
tually compressor surging would be encountered along the constant-
geometry-engine operating line, and enginé cperation at this or higher
blade speeds would not be practical. The value of compressor equivalent
blade-speed ratioc at which surging is first encountered will depend to
some extent on the locatlon of the operating line on the compressor map;
or, to express the same thought in another way, if the required compressor
efficiency drops along the -operating line, surging might be forestalled.
If the engine design point is at the point of mximum compressor effi-
clency, the required compressor efficlency cannot have the rising trend
shown in figure 8(a); the compressor will register by surging that a
too-high efficiency (or pressure ratio) is required of 1t. A design-
point compressor efficiency less then the maximum could be selected, of
course, but that would penalize the design-point performence.

From the foregoing analysis, the selection of values for design
compressor pressure ratio and design compressor-inlet axlal Mach number
appears to affect the trend of required cowpressor efficlency along the
constant-geometry-engine operating line. Compressor designers may find
it useful to know something of the trend of couwpressor polytroplc effl-
clency wlth compresgor equivalent blade speed along the operating line.
The required value of compressor polytropic efficiency is a wmeasure of
the difficulty of obtaining each small increment of compression. For a
small increment of compression,

d(pé/pi) . d(Té/Ti)

1757 =1 -1 mi/ge (lO)
e il e
For the assumed relation between compressor work and blade speed,
Té . , o .. _
e 1~ (U/A/G') (ll)
Tl 1 -

By combining eguations (1), (7), (10), and (11),
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1'r'n'aj(l-T—i>=‘1— _(fe® (12)

I T ZE. ) YT-l(aV_:f >z]

The polytropic efficiency 1 in equation (12) is a local value and not
an.average value of polytropic efficiency such as is usually considered.
Equation (12) is plotted in figure 9 for three values of design
compressor-inlet axial Mach number (Vx/a)l,des‘ In order to relate

compressor temperature ratio Té/Ti and compressor pressure ratlo

pé/pi, an adiasbatic efficiency 1 of 0.85 was used in preparation of
c

figure 9; the result of this assignment of adlebatic efficiency is that,
even though equation (12) is a general equation, figure 9 must be con-
sidered as representing design-point conditions in order to be consistent
with the assumptions in the rest of the analysis. Values of local poly-
tropic efficiency 7, greater then 1.0 were considered to be outside the
range of interest and therefore were not plotted in figure 9; exemination
of equation (12) indicates that as the compressor temperature ratio

Té/Ti approaches 1.0, the local polytropic efficlency 1, approaches

infinity for any finite value of compressor-inlet axial Mach number.
Figure @ shows that for a design compressor-inlet axlal Mach number of
0.5, the local polytropic efficlency 10, 12 less than 1.0 only for
deslgn pressure ratios gredter than 2.4, and less than 0.9 for pressure
ratios greater than 2.7.

The manuner in which the local polytropic efficlency 1 varies
along the constant-geometry-engine operating line can be de%%rmined.by
combining equations (6) and (12):

@ -
L™ 1/des

RE 9/ Joes )
<\‘ des T U/Afgi :l g

For a velue of design compressor-inlet axial Mach number of 0.5, equa-
tion (13) is plotted in figure 10. For the assumed variation in_com-
pressor welght flow and work with compressor blasde speed, the local value
of polytropic efficiency varies over & wide range. For a design
compressor pressure ratio nTbé/Pi)des of 2.0, the value of local

), [ T

at o1
-3#(a‘)1,des (U/A/az)de

- (13)
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polytropic efficiency N 18 above 1.0 at the design point and dimin-
U 2]
ishes to 1.0 at a compregsor equivalent blade~speed ratio ———————i———

(U/Afai)des
of 1.10; these high values of local polytropic efficiency are reflected
in figure 8(a) as a rise in compressor adiabatic efficilency N &above
the deslgn value for compressor equivalent blade-~speed ratios slightly
greater than 1.0. As the deslign compressor pressure ratioc 1s increased,
the local polytropic efflclency has more practical values; for a com-
pressor design pressure ratlo of 2.39, the local polytropic efficiency
does not exceed 1.0 for blade-speed ratios greater than 1.0. TIf the
compressor deslgn pressure ratio is 3.0, the local polytroplc efficlency
is required to be cnly 0.82 at design blade speed and less than 0.60 for
compressor equlvalent blade-speed ratios greater than l.2. Even though
the compressor designer may not be able to guarantee a range of over-
speed operation, these values of local polytroplc efficiency indicate
the degree of difficulty of obtaining The required overspeed
performance. el e

Turbine characteristics. -~ A sufficient nunber of conditions affect-
ing the compressor and turbine has already been spécified to permit
determining the turbine design requirements. As was pogstulated in
equation (4), the turbine pressure ratic is maintained constent along the
constant-geometry-engine operating line. Under this condition, turbine
work Ep 1s proportional to the turbine-inlet temperature T4. With

the compressor, and thus turbine, work proportiomal to the blade speed
squared, the turbine equivalent blade speed U/A/Gé is constant. Con-

stant turbine pressure ratio and equivalent blade speed correspond to
turbine operation at a single point on the turbine performence map; ndt
only is the turbine equivalent operating condition constant as engine
speed is changed during take-off operstion, but also the turbine operates
et thils one condition during flight as well.

For this method of operation, the turbine can thus be critical 1in
serodynamic design with the assurance that during engine off-design
operation the turbine operating requirements will not become more severe.
As shown in reference 1, some engine design conditlons require compromis-
ing the turbine design if the englne is equipped with adjustable turbine
gtators, in order to permit operation at a single point on the compres-
sor map. Compressor overspeeding appears to offer a way to overcome this
operational dlfficulty at least partially.

For operatian of a turbine at a single eqpivalent operating condi-
tion, the turbine-exit equivalent weight flow w, 64/54 is constant.

A choked exhaust nozzle that is part of a nonafterburning turbojet
engine willl have its throat area kept constant in order to pass this con-
stant equlvalent weight flow.

RN
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Engine performance. - In addition to the manner in which compressor
overspeeding affects compressor and turbine operating requirements, the
resulting engine performance must also be investigated. In order to
gimplify the presentation of engine performance, an equivalent operating
condition is defined just as in reference 1. If variations in Reynolds
number, specific heats, and (1+f) may be neglected, there is, corre-
sponding to the £light or design condltion, a homologous condition for
teke~-off such that the following factors are all constant between take-
off and flight: engine temperature ratio Té/Ti, compressor pressure

ratio Pé/Pi’ compressor equivalent blade speed U/Aféi, compressor
equivalent weight flow"wlk/gi/si, turbine pressure ratio pé/pi, and
turbine equivalent blade speed U/A/Eg- This particular take-off con-
dition is herein referred to as "the equivalent operating condition."

For both engines analyzed, the compressor-inlet axial Mach nunmber
was assigned the deslgn value of 0.5, & moderately conservative value.
The combination of this compressor-inlet exial Mach number with a
compressor-inlet hub-tlp radius ratio of 0.5 results in a compressor
welght flow of 27.7 pounds of alr per second per square foot of
compressor~-tip frontal area. Reference 2 indicates that, even for
extreme turbine design, a one-stage turbine is incapesble of handling
more than this much air flow at high supersonic speeds. In reference 2,
figure 1(c) approximates the conditions for extreme turbine design at a

+ Plight Mach number of 3 and a turbine-inlet temperature of 3000° R. If

the compressor pressure ratio is 3 and the turbine blade~tip equivalent
speed Up/p/0] 1s 1200 feet per second, the turbine can pass 27.5 pounds

of alr per second per square foot of turbine-tip frontal area. Because
an equivalent tip speed of 1200 feet per second 1s an actual tip speed of
1740 feet per second under these conditions, it is doubtful that within
limits imposed by centrifugel stress & combination of gsir flow and blade-
tip speed even this high could be employed. As reference 2 shows,
superlor air-handling capaclty and lower blade speed could be obtained
by using a two-stage turbine. On the other hand, a primary burner de-
signed for an inlet velocity of 150 feet per second cannot handle under
the assigned conditions even &8 much air per unit frontal area as a one-
stage turbine. For these reasons, a design value of compressor-inlet
Mach number of 0.5 was thought to be high enough for the applications
belng considered.

For the conditions assumed hereln,
1
__ wAE/8] Vg

. (w.af01/61). Vs (14)
ed AW AF1/91 /g0 °0°4
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v kg
X 5 eq 15
T -V f (15) .
eq S,eq )

Equations (14) and (15) were evaluated for & range of compressor equiv-
alent blade-speed ratio, and the results are presented lu figures 11 and
12. For both the Mach 2.5 and the Mach 3.0 engines, the engine thrust
at rated turbine-inlet temperature is more than triple the thrust at the
equlvalent operating condition. The rises in thrust are a result of
changes in three factors: +turbine-inlet temperature, weight flow, and
compressor pressure ratlo. For the Mach 3.0 engine, for example, the
rise in thrust ratio F/Feq from 1.0 to 3.1 results from a 2Z6-percent
rise in alr flow, a 125-percent rise in thrust per unit air flow due to
increased turbine-inlet temperature, and a 9-percent increase in thrust
per unit ailr flow due to increased compressor pressure ratio

(1.26X 2.25X 1.09 = 3.1). The rises in turbine-inlet temperature,
weight flow, and compressor pressure ratio result in a greater Iincrease -
1n engine thrust than could be obtained by increasing turbine-inlet tem-
perature alone and adjusting the turbine. stator.

3032

Figure 12(a) shows that, for the Mach 2.5 engine, the effect of a
rise in engine thrust above that at the equivalent operating condition
is at first to raise the engine specific impuise. Further increasse in en-
gine thrust is accompanied by decreasing engine specific-impulse ratio; at
rated turbine-inlet temperature for this engine, the value of engine spe-
ific impulse returns to its value at the egulvalent operating condition.
For the Mach 3.0 engine (fig. 12(b)), engine specific impulse immediately
drops off in value as the engine thrust is lncreased; at rated turbine-
inlet temperature.for this englne, the engine specific impulse has fallen
off to 70 percent of its value at the equivalent operating conditilon.

Since, for constant-geometry-englne operation, the turbine equiv-
alent blade speed - U//veé is constant, operation with constant turbine-

inlet temperature Té .results in constant blade speed. Constant blade

speed corresponds to constant centrifugal stress. An engine operated in
this way would thus produce the grestest thrust of which it is capable
within limits imposed by materlal properties. Engine operation would be
simplified in that the engine rotational speed would remain constant;
and, for those flight Mach numbers high enough to cause choking of the
exhaust nozzle, the exhesust-nozzle throat ares would be constant.

Exhaust-Nozzle Adjustment

It seems highly probable that as the equivalent rotational speed of -
any constent-geometry engine is continually increased above the design
value, an equivalent rotational speed and turbine-inlet temperature will
eventually be reached at which compressor surging will occur. Exhsust- .
nozzle adjustment may offer some relief by permitting operation at even
higher thrust levels without surging the compressor. For any given
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engine equivalent rotational speed, opening the exhsust-nozzle throat
will permit decreasing the turbine-inlet temperature while mainbeining
constent engine equivalent rotational speed. As equation (3) shows,
this will reduce the compressor pressure ratio and thus move the com-
pressor away from the surge limit.

On the other hand, opening the exhsust nozzle will increase the
turbine-exit equivalent weight fiow and thereby move the turbine toward
the blade-loading limit. Limiting blade loading is a condition first
investigated in reference 3 and, for blades of conventional design, con-
stitutes a fundamental limit on turbine work. Reference 4 relates the
blade-loading limit to the turbine-exit axial Mach number and thereby
to the turbine-exit equivalent weight flow. Limiting blade loading
manifests itself as an engine operating problem in the following way:
If, for an engine to be operated at constant equivalent rotational
speed, the engine temperature ratio is gradually decreased, the turbine
pressure ratio must be increased by opening the exhaust nozzle in order
that the turbine will produce enough torque to keep the engine from
slowing down. If this trend is continued, a turbine operating condition
wlll eventually be reached beyond which any further reduction in engine
temperature ratio will result in & drop in engine equivalent rotational
speed despite an increase in turbline pressure ratio. For this turbine
operating condition, the blade-loading limit has been reached. Refer-
ence 4 relates the blade-loading limit to the turbine-exlt axial Mach
nunber and thereby to the turbine-exit critical area Acr,é' In order

to operate within the limiting axial Msch number of 0.7 specified in
reference 4, the actual exit annular area must be made at least 10 per-
cent greater than the turbine-exit critical area. Equation (11) of

reference 1 states that
PU ¥/ T
) -

In order to produce & given amount of work, a certaln minimum blade-hub
speed 1is required. For specified values of centrifugal stress o, blade-~
hub speed Uy, and taper factor ¥, the particular value of hub-tip
redius ratio may be determined from this equation. For this particular
value of hub-tip radius ratio, the turbine-tip frontal ares is directly
proportional to the annular area. For this reason, if the requirements
of off-design operation dictate that the turbine annular area be
increased above the value required for satisfactory design-point oper-
ation, the engine thrust per unit turbine frontal area for design-point
operation is thereby diminished in inverse proportion to the required
value of exit annular area. At the blade-loading limit, the turbine-
exlt critical area A or. 4 is & direct measure of the exit annular asrea

and thus of the frontal’area
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The manner in which exhsust-nozzle adjustment may produce increased
engine thrust during teke-off may be described as follows: At any given
engine equivalent rotational speed, maximum thrust is obtalned by oper-
ating at the highest turbine-inlet temperature permissible within the
surge limit; this means small exhsust-nozzle areas, and compressor pres-
sure ratlos as high as compressor surge will permit. On the other hand,
at the point on the compressor map where the compressor surge line
crosses the constant-geometry-engine cperating line, the thrust of a
constant-geometry engine reaches a limit. This polnt is denoted as
point A in figure 13, which is a sketch representing the effect of
exhaust-nozzle adjustment in combinatlon with compressor overspeeding
on engine thrust Guring teke-off. It may be possible to obtain higher
engine thrust off the constant-geometry-engine operating line by raising
engine equivalent rotational speed. Higher equivalent rotational speed
will result iIn higher equivalent weight flow and thereby possibly higher
thrust. If the compressor surge lline intersects the constant-geometry-
engine operating line at a small acute angle, the turbine-inlet tempera-
ture may even possibly be increased within the surge limit. Point A in
figure 13(a) illustrates such a situstion. Incressing the equivalent
rotational speed to operate at point B assures & thrust increase over
operetion at point A, because both a higher engine temperature restio and
a higher equivalent weight flow are attalned. If, on the other hand,
the compressor surge line and constant-geometry-englne operating line
intersect at a large acute angle, as illustrated by point A in fig-
ure 13(b), it cannot readily be seen whether increasing the equivalent
rotational speed to operate at point C will yleld & thrust increase or
not. Any increase in engine thrust in changing operating points from A
to C would be contingent upon whether the increase in eguivalent welght
flow is sufficiently great to offset the decrease in engine temperature
ratio. If the slope of the compressor surge line is much less than in
figure 13(b), it can easily be imagined that increasing the equivalent
rotational speed from point A to C could be to no avall, since the
decrease in engine temperature retio might well offset the rise in
equivalent weight flow.

Whether or not exhaust-nozzle adjustment will result in s sufficient
increase in engine thrust during take-off to offset the tendency toward
limiting blade losding in the turblne thus depends on the compregsor-
surge characteristics. A quantitative evaluation of the changes in
engine thrust and turbine-exit annuler ares is presented in order that,
for a prescribed compressor-~surge characteristic, the merits of exhaust-
nozzle adjustment may be ascertained.

Turbine design requirements. - For the assumed condlitioms, a given
engine rotational speed corresponds to a given turbline work output Em,
‘the work output being proportional to the blade speed squared. The tur-
bine blade-jet speed ratic is therefore constant for any glven engine
and independent of exhaust-nozzle adjustment. Operation along the
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constant-geometry operating line corresponds to constant turbine equiv-
alent rotational speed. At any compressor equivalent rotational speed,
opening the exhaust nozzle requires a decrease in turbine-inlet temper-
ature and thereby increases the turbine equivalent rotational speed. It
may be inferred from equation (24) of reference 5 that this rise in
equivalent blade speed corresponds to decreasing rotor-entrance Mach
number and increasing acceleration across the rotor, both trends being
conservative.

The minimum turbine-exit annular area, that value of area at which
limiting blade loading is obtained, is directly proportional to the
turbine-exlt equivalent weilght flow. For a stress-limited turbine
design, such as will very likely be required for these high-supersonic
flight speeds, opening the exhaust nozzle from the setting for take-off
operation on the constent-geomebtry-engine operating line will therefore
require an increase in turbine-exit annular area and frontal area. The
turbine-exit annulsr area should be selected to pass satisfactorily the
maximum turbine-exit equivalent welght flow that will be encountered
over the range of engine operation.

Engine performance. - Lines of constant engine thrust ratio F/Feq
are shown on the compressor map in figure 14 along with the constant-
geometry-engine operating line. The selection of an operating condition
in figure 14 corresponding to maximum thrust is 1llustrated in fig-
ure 15. One of the lines of constant engine thrust ratio F/Feq is
tangent to the surge line; this point of tangency represents the oper-
ating condition at which the maximum engine thrust can be produced by
means of exhaust-nozzle adjustment. If one of the lines of constant
engine thrust ratio as drawn in figure 14 does not happen to be tangent
to a particular surge line, the operating point for maximum thrust can
be determined in the following way: If at any given point on the com-
pressor map the surge line has a slope greater than that of the line of
constant engine thrust ratio at that point, engine thrust can be
increased by adjusting the exhaust nozzle and raising the engine speed,
followlng the surge line until it becomes parallel with the lines of
constant engine thrust ratio.

The variation in turbine-exit critical-area ratio (A/Ageg)cr,s 18

shown in figure 16. Since, at the blade-loading limit, both the turbine-
exit annular area and turbine-tip frontal area (for a glven centrifugal
stress in the rotor blades) are directly proportional to the turbine-
exit critical-ares ratio, the curves in figure 16 also can be interpreted
ae showlng changes in the values of minimum turbine-exit annular area

and turbine-tip fromtal area. Figure 16 shows, that, for any given
compressor equivalent weight flow (a line of constant compressor equiv-
alent blade speed in fig. 18), highest engine thrust is cobtained with

the smallest usable exhaust-nozzle ares.
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ﬁ) can be used to determine
cr,4

The thrust-area factor _E_Q.is
Feq

under what conditions highest englne thrust per unit turblne-tip frontal
area ls obtained; the value of the thrust-area factor is proportional to
engine thrust per unit turbine frontal area for a stress-limited turbine
design. Lines of constant engine thrust-area factor are plotted on the
coordinates of the compressor msp along with the constant-geometry-engine
operating line in figure 17. If &t any polnt on the compressor map the
slope of the surge line 1s greater than the slope of the lines of con-
stant thrust-area factor, higher take-off thrust for a turbine of a
glven size may be obtained by means of exhsust-nozzle adjustment. A
comparison of the slopes of the lines of comstant thrust ratio F/Feq
in figure 14 with the lines of constant thrust-area factor X Q?QQQ)
FEE A cr,4
in figure 17 shows that obtaining an increase in engine thrust per unit
turbine size is the more stringent requirement. If an increase in
thrust-area factor caxn be obtalned, a higher take-off thrust per unit
turbine frontal area can be obtalned by exheust-nozzle adjustment then
by adding engines or increasing engine size.

Because increasing the exhaust-nozzle throat area requlres an
increase in turbine-exit amnnular area, such operation requires that the
turbine design be modified Lo satisfy the off-design operating require-
nents. In order to minimize this compromising of the turbine design,
the exhaust-nozzle adjustment should be held to the minimum essential
to producing the required engine thrust during off-design operation.

The engine specific lmpulse obtalned with exhaust-nozzle adjustment
is presented in figure 18. The impulse for any given thrust level is
always lower than that obtainable along the constant-geometry-engine
operating line. : -

Compregsor-Exit Bleed .

The decrease in turbine preassure ratic pé/pi and the increase in

turbine-inlet temperature Tz associated with bleeding air at the com-
pressor exit might concelvably result in & rise in engine thrust during
off -desi operation. Previous work in this field supports the point of
view that bleeding eir at the compressor exit while keeping the compres-
sor at a glven operating point results in a reduced turbine pressure
ratio. For a case comnsidered in reference 4, the turbine pressure ratio
wag theoretically decreased from 4.45 to 2.73 by bleeding 28.6 percent
of the engine ailr flow at the compressor exit and ralsing turbine-inlet
temperature from 1100° to 2160° R while operating the compressor at a
single operating point. Figure 3 of reference 6 shows that for a con~
stant value of turbine torque, decreasing the turbine equivalent
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rotationsl speed decreases the turbine pressure ratio; equilibrium oper-
atlon of a compressor mep requires & glven value of torque independent
of the amount of air bled, and rising turbine-inlet temperature at a
given engine rotational speed reduces the turbine equivalent rotational
speed. The following questions were therefore investigated:

(1) For an engine that has been oversped along the constant-
geometry-engine operating line as much as the compressor-surge character-
istics will permit, how much can the engine thrust be increased by
ralsing the turbine-inlet temperature and bleeding air at the compressor
exit ?

(2) What is the effect of such operation on the turbine design
requirements 7

Turbine design requirements. - The decreased turblne pressure ratio
with increased amounts of air bled moves the turblne operating conditlion
away from limited blade loading, and therefore the turbine design need
not be compromised on this score. Despite the decreasing turbine pres-
sure rstio, the turbine work output per pound of ges passing through the
turbine increases as the amount of bleeding is increased; the turbine
work incresses 1n this case, even though the turbine pressure ratio
drops because of the great rise in turbine-inlet temperature. For the
constant power required by the compressor, the turbine must produce a
constant amount of power from a mass flow that decreases as the amount
of bleeding is increased, whence the lncreasing turbine work.

This rise in turbine work at constant blade speed lowers the blade-
Jet speed ratio U/VJ- The blade speed is conslidered to be constant as

bleeding is varied, and jet speed is directly proportional to the square
root of turbine work. Consequently,

u/v
m = A1 (16)

Equation (16) is plotted in figure 19. If 20 percent of the compressor
alr flow is bled at the compressor exit (b = 0.20), the blade-jet speed
ratio 1s decreased to only 88 percent of the design value. Since the
curve of turbine efficlency agalinst blade-jet speed ratio is usually
8till very flat in this region, the turbine efficiency should be rela-
tively unchanged from the design value. Egquation (2) can be used %o
show that bleeding 20 percent of the air results in a considerable tem-
perature rise, that is

=
=

1
= ~ ——= (]_7)
T (1-b)°
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Bleeding 20 percent thus corresponds to raising the turbine-inlet tem-
perature by 56 percent, for example, from 1415° to 2210° R.

Engine performance. - The bleed alr was cmsldered to be used in
three ways: (1) It was discarded without producing thrust; (2) air at
the total state prevalling at the compressor exit was expanded to
atmospheric pressure and used ta produce thrust; (3) the bleed air wes
heated to the turbine-inlet tempereture and then ‘expanded to atmospheric
pressure in order to produce thrust; in a practlical case, this hot gas
would be bled at the exit from the primary burner.

The resulting engine thrust is shown in figures 20 and 21 for two
kinds of operatlon, namely, using the bleed ailr to produce thrust and
discarding the bleed alr. For the Mach 3.0 engine with 20-percent
overspeed, raising the turbine-inlet temperature to the rated value of
3000° R and using the bleed air to produce thrust increases the engine
thrust by 28 percent; if the bleed air is discarded, the thrust rise is
only 10 percent. The circles 1n figure 20 represent engine thrust
values oObtained at 20-percent overspeed if the bleed alr is at rated
turbine-inlet temperature. For the Mach 3.0 engine, the total thrust—
rise above the value for ne bleed with 20-percent overspeed is 38 per- '
cent, the 10-percent increment resulting from the high bleed tewmpera-
ture. These thrust increases are somewhat less than those obtainable
by means of turbine stator adjustment and compressor overspeeding.

For the Mach 3.0 engine with a 20-percent overspeed, increasing
turbine-inlet tempersture to the rated value permits bleeding 17 percent
of engine air flow. This air could be used during off-design operation
to cool various parts of the engine for which ram alr is used during
high-speed flight; thus & valuable characteristic of compressor-exit
bleed is used despite its poor thrust characteristic.

Figure 22 shows the englne specific impulse that can be obtained
with compressor-exit bleed. As may well be expected, compressor- -exit
bleed has poor impulse characteristics.

Turbine Stator Adjustment

Use of turbine stator adjustment for desigu-point operation of the
compressor was investigated in reference 1. This is, of course, not the
only way in which turbine stator adjustment could be used. If, for
example, the engine equivalent rotatlonal speed were raised ebove the
design value along the constant-geometry-engline operating line, & speed
would eventually be reached above which a further speed increase would
result in compressor surging. Turbine stator adjustment could be
employed in combination with exhaust-nozzle adjustment to keep the com-
pressor operating et this point, and the turbine-inlet temperature could
then be increased to obtain even higher engine thrust.
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A second way to use turbine stator adjustment is to depart from the
constant-geometry-engine operating line after surgling has been encoun-
tered. Use of higher engine rotatlional speed would increase the engine
welght flow and perhaps thereby increase the engine thrust. Both appli-
cations of turbine stator adjustment are considered herein; only the
maximum, or design, value of turbine-inlet temperature is employed.

On operating line. - In figure 23, the engine thrust with turbine
stator adjustment is compared with that of the constant-geometry engine
for a range of compressor equivalent rotationsl speeds. At all speeds
less than rated actual speed, the engine with turbine stator adjustment
is capable of producing greater thrust. For the Mach 3.0 engine, this
thrust advantage 1s 225 percent at design equivalent rotational speed
and 144 percent at 120 percent of design equivalent speed. The advantage
of turbine stator adjustment diminishes at the higher rotatlional speeds.
The rises in weight flow and compressor pressure ratlio with rotational
speed raise engine thrust even for an engine with turbine stator adjust-
ment. If the compressor is capable of being oversped by a sufficiently
great amount, the greatest engine thrust for take-off is cbtained by
raising the rotational speed to the design value. For this operating
condition, no turbine stator adjustment is required. The scale of
turbine-inlet critical-area ratio (A/Ades)cr,s on the abscissa shows

that for small amounts of compressor overspeed, large changes in turbine-
inlet critical-area ratio are required, and at high overspeed only

small changes in turbine-inlet critical-area ratio are necessary.

For the Mach 3.0 engine at deslgn equivalent rotational speed, the
turbine-inlet critical-area ratio (A/Ades)cr,s and, concomitantly,

the turbine-inlet equivalent weight flow Wén/eé/ é must be increased

by 45 percent in order for the turbine-lnlet temperature to be increased
to the design value of 3000° R. As reference 1 shows, the actual area
must be increased considerably more than 45 percent in order to realize
this 45-percent increase 1n equivalent flow.

The varistion in turblune-exit critical area Acr,4 with engine

equivealent rotational speed is shown in figure 24. Since both the Mach
2.5 and the Mach 3.0 engines have deslign conditions that lie a little %o
the left of the break-even point in figure 2 of reference 1, increasing
the engine tempersture ratio and adjusting the turbine stator result in
initially & small decrease and then an increase in the turblne-exit

critical area ratio (A/Ades)cr,é' Because at low compressor equivalent

rotational speeds & large increase in turbine-inlet temperature is
required to proceed from constant-geometry-engine operation to operation
with turbine stator adjustment at rated turbine-inlet temperature, an
increase in turbine-exit critical aree results. At high compressor
equivalent rotational speeds, only a small rise in turbine-inlet temper-
ature produces the change from constant-geometry-engine operation to

o



26 i J—— NACA RM E53J01

operation with turbine stator adjustment at rated turbine-inlet temper-
ature, with the result that turbine-exit critical area ratios
(A/Ades)cr,é less than unity are obtained and the turbine moves away

from limiting blade loading. A rise in the turbine-exit critical area
Acr 4 8&bove the design value is undesirable, because the turbine design

must then be compromised'in order to avold limlting blade loading and
thereby to permit satisfactory operatlion during take-off.

The effect of these changes in turbine-exit eritical area on engine
thrust per unit turbine size is- shown 1n Fflgure 25; as previously, the

thrust-area factor ——(odes is used to express take-off thrust
_Feq A cr,4

per unit turbine size. For that part of the operating range for which

the turbine-exit critical-ares ratio 1s less than unity, the thrust

ratio F/Feq is also plotted. In thls range, the thrust ratio F/Feq

expresses the variation in engine take-off thrust per unit turbine size,
because the turbine must be designed for the largest value of Acr,4
encountered over the operating range, and a value less than the design
value cannot be explolted during the off-design operation. The size of
the thrust-srea factor with turbine stator adjustment is always greater
than without, the advantage decreasing as engine speed rises.

The varlation in engine specific impulse with turblne stator adjust-
ment is presented in figure 26. At low compressor equivalent rotational
speeds, the thrust increase ylelded by turblne stator adjustment is
cbtainable at the expense of a decrease in englne specific impulse. At
high engine equivalent rotatlional speeds, not only high engine thrust,
but alsoc high engine specific impulse, is obtainable by means of turbine
stator adjustment. If the compressor 1s capable of belng oversped
gsufficiently, constant engine geometry is superior to turbine stator
adjustment without overspeed in.the following respects: englne thrust,
engine specific impulse, and compromlsing of the turbine design. Con-
stent engine geometry is inferior to the extent to which the compressor
deslgn must be compromised to include the overspeed capaclty.

Off operating line. - Lines of constant engine thrust are plotted
on compressor-map coordinates in figure 27 in order to show the effect
on engine performance of turbine stator adjustment off the constant-
geometry-engine operating line. If a compressor is oversped along the
constant-geometry-engline operating line until surging is reached, addi-
tional engine thrust can be obtalned if the compressor-surge line rises
significantly to the right of the comnstant-geometry-engline operating
line. The criterion for greatest thrust is, as before, to choose as an
operating condition that point elong the surge line at which the surge
line becomes tangent to one of the famlly of lines of counstant thrust
ratio F/Feq in figure 27. For any given surge line, considerebly
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greater rises in engine thrust resultling from departure from the oper-
ating line may be obtained with turbine stator adjustment than with
exhaust-nozzle adjustment. Filgure 28 shows, on the other hand, that
these rises in take-off thrust are at the expense of increased turbine-
exit critical area and thereby a penalty in turbine deslgn-point per-

formance. Lines of constant thrust-area factor Fl : 5 are
eqg cr,4

plotted in figure 29 to ald in Judging for any given compressor-surge
characteristic if any gailn in take-off thrust per unit turbine size can
be obtalned by leaving the operating line. Pigure 30 shows that, for any
given thrust level, operation off the operating line produces a decrease
in engine specific impulse.

Effect of Changing Compressor Chsracteristics

The compressor performance presented in reference 7 was used to
determine the effect of using compressor characteristics other than
those assumed herein. For a constant-geometry-engine operating line on
this compressor map, the turbine-inlet equivalent weight flow

1 t 1 1
WSA/93/53 and the turbine pressure ratio ps/'p4 were assumed to be

constant. For a constant value of turbine efficiency, engine thrust was
computed for operation along an operating line that lies near the surge
line; the rotational speed designated as rated in reference 7 was not
exceeded for take-off. In figure 31, engine thrust is shown to rise
more rapldly with blade speed than for the conditions assumed herein;
the principal reason for this is the more rapid rise in weight flow.

The trends of engine thrust with rising compressor speed indicated
herein are pessimistic in comparison with these results. Even with
these characteristics, the predicted tremds in engine performance are
essentially those based on the assumptions of this analysis.

Critical Comment

Of the four types of engine off-design operation comsidered,
compressor overspeeding is the type that appears most promising,
because it provided the highest engine thrust during low-speed flight.
Another reason is that, as an aid in obtalning superlative turbine
design-point performance, the turbine design conditions can be made
critical with the assurance that the operating conditions do not tend to
become even more critical during engine off-design operation. The
principal problem is whether or not cowpressors can provide much of an
overspeed margin without seriously compromising their design-point per-
formances. If, in attempting to provide overspeed margin in a compressor
design, the compressor surge line on the compressor map falls below the
anticipated level of compressor pressure ratio, small varistions in the
location of the compressor surge line can be compensated for by small
adjustments of the exhaust-nozzle throat area.
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Exhaust-nozzle adjustment requires that the turbine be made larger.
Ideally, the engline design thrust per unit of turbine-tip frontal area .
will be Inversely proportional tc the maximum value of exhaust=nozzle
throat area. 1In practice, exhaust-nozzle adjustment will be somewhat
more attractive then the analysis shows, because, in order to provide
some marglin for error in engine design, the turbine will very likely not
be designed at the rotor blade-loading limit. This margin in turbine
work capacity can then be exploited to permit some exhaust-nozzle
adjustment without sacrificing engine design-point performance. Another
reason 1ls that near the surge line the compressor efficiency does not
fall as the operating polnt 1s moved away from the surge line along a
line of constant equivalent rotational speed; instead, there 1s a plateau
of high efficiency followed by a region ofdecreasing efficiency, the
region of decreasing efficiency closely paralleling the trend described
herein. In particular, these two factors, the inherent small margin in
turbine work capacity and the compressor efficlency plateau, greatly
improve the competltive position of exhaust-nozzle adjustment if only
small amounts of adjustment are employed.
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Use of compressor-exit bleed during take-off and low-speed flight
may be required by engine cooling requirements. The high ram-pressure
ratio which 1e avallable during high-speed fiight may permit use of ram
alr for cooling many parts of the engine, concelvably even the turbine
blades. Such use of compressor-exit bleed.during low-speed flight results
in a thrust penalty in comperison with turbine stator adjustment in com-

bination with compressor overspeeding.

For a certaln range of engine design conditions, spplication of
turbine stator adjustment requires that the turbine size be made greater
than would be the case 1f turbine stator adjustment were not employed
(see ref. 1). For that range of engine design conditions for which use
of turbine stator adjustment does not require increasing the turbine
size, one of the principal quegtions affecting application of turbine
stator adjustment is the amount by which the turbine efficiency varies.
Reference 1 shows that the rotor-entrance relstive flow angle varies
from the design value by an amount that increases as the amount of
stator adjustment increases. For a given increment of gtator adjustment,
the effect of this varying angle of Ilncldence on turbine efficlency
should be small neer the design point and larger for operating condi-
tions considerably removed from the turbine design point. Combining
turbine stator adjustment with compressor overspeeding reduces the
smount of turbine stator adjustment required to reach the design value
of turbine-inlet temperature and thereby decreases any penalty in tur-
bine efficlency assoclated with turbine stator adjustment.
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CONCLUSIONS

For two turbojet engines designed for flight at flight Mach numbers
of 2.5 and 3.0, engine operation during take-off was analyzed for four
methods of operating the engines off-design. The off-design operational
methods were compared on the basis of engine thrust, engine specific
impulse, and the operating requirements that the compressor and turbine
must fulfill. The way in which a given engine should be operated off-
design depends on the characteristics of its particular compressor and
turbine. Because the characteristics of each set of components will
differ one from another, no one mode of operation can be gelected as
best for all engines and operating condlitions. This anslysis indicates
the methods that appear to be most promising and the way in which they
can best be exploited. The following conclusions about engine off-
design operation were drawn from this ansalysis:

1. If the compressor is capable of operation In a constant-geometry
engine at equivalent rotational speeds considersbly above the deslgn
value, highest engine thrust and highest engine specific lmpulse are
obtained with compressor overspeed operation. Since during such engline
off-deslgn operation the turbine operates at its design point, the tur-
bine can be designed very near tolerable operating limits.

2. Turbine stator adjustment in combination with compressor over-
speeding is better than turbine stator adjustment alone. Engine equiva-
lent rotational speed should be raised as much as the compressor-surge
characteristics will permit, and the additional thrust required should
then be obtained by means of a further increase in turbine-inlet tem-
perature in combination with turbine stator adjustment.

3. If the compressor-surge characteristics limit the turbine-inlet
temperature to values less than the rated value, compressor-exit bleed
can be used to permit an additional rise in turbine-inlet temperature.
This bleeding can provide relatively large amounts of cooling eir during
take-off operation. The turbine operation moves away from limiting blade
loading during such off-design operation, and the blade-jet speed ratio
varies by a comparatively small amount.

4. For the assumed compressor characteristics, Ilncreasing engine
thrust by means of exhaust-nozzle adjustment requlres an increase in
turbine size and thereby results in rather severe penalties in turbine
design-point performance. '

Lewis Flight Propulsion lLaboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, September 28, 1953
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50

Compressor pressure ratio, pé/pi

S NACA RM E53J01

o)
R
o
4.0 1 1
Engline thrust
ratio,
3.0
3.6 2.5
Constant-geometry- 2.0 4 -
engine operating /,/' |~
1.5_+"
3.2 / // -

115
//,/' 1.0
/

”,/”

AN

2.8 //// 1
/
2.4
1.00 1.04 1.08 1.12 1.18 1.20
vy/61/81
Compressor equivalent welght-flow ratio, -
(wl‘v ei/ﬁi)des

(a)

Mach 2.5 engine.
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showing lines of constant engine thrust.
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Figure 16. - Compressor map for exhasust-nozzle adjustment,
showlng lines of constant engine thrust and turbine-exit
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Figure 17. - Compressor map for exhasust-nozzle adjustment,
showing lines of constant thrust-area factor.
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Pigure 18. - Variation in engine specific impulse with engine thrust and
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(a) Mach 2.5 engine.
Figure 20. - Variation in engine thrust with take-off turbine-

inlet temperature and compressor equivalent blade speed for
compressor-exit bleed. Bleed air used.
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- Figure 21. - Varigtion of engine thrust with take-off turbine-
inlet temperature and compressor equivalent blade speed for

compressor-exlt bleed. Bleed air discarded.
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Figure 23, - Varisastion in engine thrust with compressor
equivalent blade speed and turbine-inlet critical
area for turbine stator adjustment along constant-
geometry-engine operating line.
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Figure 23. - Concluded. Varistion in engine thrust with com-
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area for turbine stator adjustment along constant-geometry-
engine operating line.
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Figure 27. - Compressor map for turbine stator adjustment off
constant-geometry-engine operating line, showing lines of
constant engine thrust.
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Figure 27. - Concluded. Compressor map for turbine stator adjustment off constant-
geometry-engine operating line, showing lines of constant engine thrust.
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Figure 29. - Compressor map for turbine stator adjustment off
constant-geometry-engine operating line, showing lines of
constant thrust-area factor.
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Figure 29. - Concluded. Compressor may for turbine stator adjustment off comstant-

geometry-engine operating line, showing lines of constant thrust-area factor.
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Figure 31. - Effect on engine thrust of overspeeding 1l0-stage
axlal-flow compressor of reference 7.
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